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Introduction {#sec001}
============

Mitochondria are important and complex organelles with essential functions in eukaryotic cells. As cellular "power engines", mitochondria provide adenosine triphosphate (ATP) for cells through oxidative phosphorylation\[[@pone.0121328.ref001]\]. Mitochondria are also the main source of cellular ROS production\[[@pone.0121328.ref002]\], and participate in the regulation of local calcium levels\[[@pone.0121328.ref003],[@pone.0121328.ref004]\]. Both ROS and calcium signals are actively involved in multiple cellular physiological or pathological events\[[@pone.0121328.ref005],[@pone.0121328.ref006],[@pone.0121328.ref007],[@pone.0121328.ref008]\]. Moreover, it has been shown that mitochondria play a central role in controlling cell survival and death\[[@pone.0121328.ref009],[@pone.0121328.ref010],[@pone.0121328.ref011]\]. Thus, strictly quality control of mitochondria is of great importance for the maintenance of cellular homeostasis. Mitochondrial quality control is a process including the exchange of mitochondrial components through mitochondrial fusion and fission, and removal of the dysfunctional mitochondrion through autophagy or mitophagy. Defects of mitochondrial fusion and fission or impairment of mitophagy has been linked with numerous diseases such as Alzheimer's disease, heart failure, and diabetes\[[@pone.0121328.ref012],[@pone.0121328.ref013],[@pone.0121328.ref014],[@pone.0121328.ref015],[@pone.0121328.ref016],[@pone.0121328.ref017]\].

Mitofusin 2 (Mfn2) was originally identified as one of mitochondrial proteins mediating fusion of the mitochondrial outer membrane. Recently, it has been reported that Mfn2 also localizes on endoplasmic reticulum membrane and bridges the juxtaposition between endoplasmic reticulum and mitochondria thus regulating the local calcium concentration\[[@pone.0121328.ref018],[@pone.0121328.ref019]\]. In fact, in addition to meditating the membrane fusion between organelles, Mfn2 plays multiple roles in various vital cellular processes including regulation of cell proliferation and cell survival/death, maintenance of mitochondrial DNA stability, and more recently, the regulation of ER stress and autophagy\[[@pone.0121328.ref020],[@pone.0121328.ref021],[@pone.0121328.ref022],[@pone.0121328.ref023],[@pone.0121328.ref024]\]. Mutations of Mfn2 are causally linked with autosomal dominant neurodegenerative disease Charcot-Marie-Tooth type 2A\[[@pone.0121328.ref025],[@pone.0121328.ref026]\], obesity and type 2 diabetes\[[@pone.0121328.ref027]\]. We previously found that overexpression of Mfn2 led to cardiomyocyte apoptosis through the suppression of Akt activation in a mitochondrial fusion independent manner\[[@pone.0121328.ref028]\], while unexpectedly, cardiac deficiency of Mfn2 induced impaired autophagic degradation and cardiac dysfunction\[[@pone.0121328.ref023]\]. It has been reported that Mfn2 level was decreased in proliferative smooth muscle cells and hypertrophic cardiomyocytes, overexpression of Mfn2 suppressed VSMC proliferation through inhibition of ERK pathway and subsequent arrest of cell cycle \[[@pone.0121328.ref020],[@pone.0121328.ref028]\], however, if deficiency of Mfn2 *per se* directly regulates cell proliferation has not yet been defined.

In the present study, we found that knockdown of Mfn2 inhibited, and re-expression of Mfn2 restored, HeLa cell proliferation. While down-regulation of Mfn2 resulted in impaired autophagic degradation and decreased mitochondrial and cellular metabolism, disturbance of autophagic degradation *per se* inhibited mitochondrial metabolism, ATP production as well as cell proliferation, suggesting that down-regulation of Mfn2 inhibits cell proliferation through impairment of autophagic process and mitochondrial metabolism. Thus, our findings illustrated the role of Mfn2 in regulating cell proliferation, thus shed new light on understanding mechanisms of Mfn2 deficiency related diseases.

Materials and Methods {#sec002}
=====================

Cell viability assay {#sec003}
--------------------

HeLa cells or a human smooth muscle cell line (T/G HA-VSMC) \[[@pone.0121328.ref029]\] were seeded in a 96-well plate. After serum starvation for 24 hours to achieve mitogenic quiescence, adenovirus containing scramble RNA or Mfn2 shRNA\[[@pone.0121328.ref023]\] was infected into cells, at an MOI of 50, as control or Mfn2 knockdown, respectively. In subset experiments, cells were transfected with scramble RNA, Rab7 siRNA1 (5'-CGGUUCCAGUCUCUCGGUG-3') or siRNA2 (5'-GAGCUGACUUUCUGACCAA-3'), or treated with Bafilomycin A1, 3-Methyladenine (3-MA) or NH4Cl. At time points as indicated, enzyme-based MTT assay or Cell Counting Kit-8 assay (CCK8, Dojindo Molecular Technologies) were performed to evaluate cell proliferation following the instruction of the manufacturer. Briefly, for MTT measurement, cells were cultured with 3-(4,5--Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT from Sigma) for 4 hours before measurement, then the supernatant was discarded and 100μl DMSO (Sigma) was added into each well. After gently shaking the plate in darkness for 10 minutes, the absorbance at 490 nm was measured with microplate absorbance reader (Bio-Rad). Each count was an average of three repeats and each data point was the average of at least three experiments.

Cell Counting Kit-8 assay was performed by using a tetrazolium salt, WST-8, which produces soluble WST-8 formazan. Briefly, at 2 hours before each indicated time point, 10μl of the CCK-8 solution was added to each well containing 100ul DMEM, the plate was then read by microplate absorbance reader and absorbance at 450 nm was recorded. Each count was an average of three repeats and each data point was the average of at least three experiments. All the data was normalized to the control group.

Western blot analysis {#sec004}
---------------------

Proteins were extracted from HeLa cells, subjected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis, and then transferred to PVDF membranes. The membranes were probed with indicated primary antibodies at 4°C overnight (anti-LC3A/B and anti-Rab7 from CST, anti-Mfn2 from abnova, anti-Mfn1 from Santa Cruz Biotechnology and anti-GAPDH from Santa Cruz Biotechnology), then incubated with secondary antibodies (IRDye 700 or 800-conjugated anti-mouse or anti-rabbit IgG from Rockland Inc) for 1 hour at room temperature. Immunoblots were detected using the Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE).

Cell cycle and apoptosis assay by flow cytometry {#sec005}
------------------------------------------------

After synchronized by serum-free starvation for 24 hours and infected with adenovirus for 24h hours, HeLa cells were then harvested and stained with propidium iodide using a Cycle TEST PLUS DNA Reagent Kit (Becton Dickinson, USA). Cell cycles were analyzed using flow cytometry with a FACScan (Becton Dickinson, USA).

Cell apoptosis was detected using an Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit (Invitrogen, USA) following the manufacturer\'s protocol. Briefly, cells were collected, centrifuged, and re-suspended in 500μl of 1×binding buffer in tubes. After added with Annexin V-FITC and PI, tubes were incubated darkly at room temperature for 15 minutes. Cell apoptosis assay was performed immediately on flow cytometry. Each experiment was performed at least three times.

Confocal microscopy assay {#sec006}
-------------------------

For autophagic degradation assay, HeLa cells (1×10^5^) infected with adenovirus containing scramble or Mfn2 shRNA were co-transfected with a GFP-mRFP-LC3 expression plasmid by using the Lipofectamine 2000 (Invitrogen). 24 hours after transfection, cells were starved with serum free DMEM for 36 hours, and the GFP and mRFP fluorescent signals were detected using a confocal microscope (Leica, Bannockburn, IL), by exciting at 488nm and 561nm, and collecting emission at 505--530nm and \>560 nm for GPF and mRFP, respectively.

Plasmid construction and transfection {#sec007}
-------------------------------------

The cDNA with the full-length ORF of Tom1 (NM_005488.2) and Lamp2a (NM_002294.2) was amplified by PCR with following primers 5'-GCTCTAGAATGGACTTTCTCCTGGGGAAC-3' (forward) and 5'- GCGGATCCTCATAAGGCAAACAGCATGTCATC---3' (reverse) for Tom1; 5'-GGGGTACCAATGGTGTGCTTCCGCCTCTT-3' (forward) and 5'-GCGGATCCCTAAAATTGCTCATATCCAGCAT-3' (reverse) for Lamp2a. cDNAs were then cloned into the p3XFLAG-CMV-7.1 expression vector (Sigma) to produce Flag-tagged Tom1(Pcmv-Tom1) and Flag-tagged Lamp2a (Pcmv-Lamp2a) plasmids. Cells cultured in 6-well plates were transfected with plasmids by the Lipofectamine 2000 Transfection Reagent method (Invitrogen) and harvested for further experiments at time points as indicated. Primers for human Tom1 (sense: GGCATCTTTGGGACCTTC; antisense: TCTCCAGTGGGACAGCG) and Lamp2a (sense: GGCACCCACCATACA; antisense: GGCTGAACCCTTAGATC) were used for real-time PCR to confirm the gene expression.

Mitochondrial respirometry and cell glycolysis assays {#sec008}
-----------------------------------------------------

Respirometry of intact HeLa cells was performed using an XF24 Extracellular Flux Analyzer (Seahorse Biosciences). Cells were seeded at a density of 5X10^4^ cells/well in 24-well XF microplates, cultured with DMEM containing 10% FBS for 24 hours. One hour before initiation of measurements, medium was replaced with XF base medium supplemented with 25mM glucose and 2mM pyruvate. After 1 hour incubation in a CO~2~-free incubator at 37°C to allow temperature and pH equilibration, baseline oxygen consumption rate (OCR) was measured, then followed by injections sequentially with oligomycin (1 μM) to measure the ATP linked OCR, oxidative phosphorylation uncoupler FCCP (0.2 μM) to determine maximal respiration, and rotenone (1 μM) and antimycin A (1 μM) to determine the non-mitochondrial respiration. Experimental treatments were performed on 3 or 4 wells of each plate as technical replicates, and each experiment had at least 3 replicates. OCR was normalized by the amount of 100μg cellular protein in each well.

For cell glycolysis measurement, HeLa cells seeded in XF24 microplates as described above were cultured in XF base medium supplemented with 2mM L-glutamine in CO~2~-free incubator for 1 hour. After three baseline extracellular acidification rate (ECAR) measurement, cells were added sequentially with glucose (10mM) to measure the glucose metabolism, oligomycin (1μM) to measure the glycolytic capacity, and 2-deoxy-D-glucose (2-DG) (100mM) to measure the non-glycolytic acidification. Experimental treatments were performed on 3 or 4 wells of each plate as technical replicates and each experiment had at least 3 biological replicates. ECAR was normalized by the amount of 100μg protein in each well.

ATP measurement {#sec009}
---------------

Intracellular ATP was measured by the luciferin/luciferase method using an ATP-Lite Assay Kit (Vigorous Biotechnology) following manufacturer\'s instruction. Briefly, HeLa cells were washed twice with ice-cold PBS, and lysed with lysis buffer. Cell lysis was centrifuged at 12000 rpm/min for 1 minute and supernatant was incubated with freshly prepared ATP assay mix and ATP releasing reagents, and then subjected to bioluminescent detection. The ATP level was presented as percentage to the untreated control group.

Statistics {#sec010}
----------

Data are presented as mean ± SEM. Unpaired t test with repeated-measures was applied, when appropriate, to determine the statistical significance of differences. P \<0.05 was considered statistically significant.

Results {#sec011}
=======

Mfn2 deficiency inhibits cell proliferation {#sec012}
-------------------------------------------

To determine the effect of Mfn2 loss-of-function on cell proliferation, we infected HeLa cells with adenovirus containing short hairpin RNA of Mfn2 (Mfn2 shRNA) to knockdown Mfn2, or with adenovirus containing scramble RNA as control. Cells infected with Mfn2 shRNA for 48 hours significantly decreased Mfn2 protein level to about 36% of that in the scramble control cells, as indicated by western blot analysis ([Fig. 1A](#pone.0121328.g001){ref-type="fig"}), whereas the protein level of its homologue mitofusin 1(Mfn1), another outer mitochondrial membrane fusion protein, was not altered by Mfn2 shRNA. Down-regulation of Mfn2 led to mitochondrial fragmentation as compared with the thread-shaped mitochondria in scramble control cells ([Fig. 1B](#pone.0121328.g001){ref-type="fig"} & [S1 Fig](#pone.0121328.s001){ref-type="supplementary-material"}.), in consistent with previous reports that deficiency of Mfn2 causes mitochondrial fragmentation due to decreased mitochondrial fusion\[[@pone.0121328.ref027],[@pone.0121328.ref030]\]. Surprisingly, in contrast to our expectation, cells infected with Mfn2 shRNA showed inhibited cell proliferation rate at as early as 1 day after Mfn2 shRNA infection, to 86.7±2.16% of cells without adenovirus infection or 85.5±2.09% of cells infected with scramble RNA, and to 74.7±7.43%, 70.8±3.09%, and 65.8±4.69% of scramble RNA control cells at day 2, day 3, and day 4 after Mfn2 shRNA infection, respectively, as detected by CCK8, a cell counting kit-8 assay ([Fig. 1C](#pone.0121328.g001){ref-type="fig"}). Unlike the inhibitory function of Mfn2 knockdown on cell proliferation, knockdown of Mfn1 by siRNA showed no effect on cell proliferation in spite of the fragmented mitochondria ([S2 Fig](#pone.0121328.s002){ref-type="supplementary-material"}.). Similar growth suppressive effect by Mfn2 knockdown was detected in a human smooth muscle cell line T/G HA-VSMC ([Fig. 1D](#pone.0121328.g001){ref-type="fig"}). We also employed another cell proliferative assay 3-(4,5--dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to confirm the role of Mfn2 in cell proliferation. Mfn2 knockdown resulted in decreased MTT absorbance to 78±3.17%, 73.1±5.78%, 67.6±1.2%, and 63.8±9.56% of that in scramble RNA cells at day 1, day 2, day 3, and day 4 after infection, respectively, and this blunted cell growth by Mfn2 knockdown was totally restored by co-expression of Mfn2 cDNA with Mfn2 shRNA ([Fig. 1E](#pone.0121328.g001){ref-type="fig"}), to a protein level comparable of that in scramble control cells (data not shown). Direct counting cell numbers showed similar suppressive results in Mfn2 shRNA transfected cells ([S3 Fig](#pone.0121328.s003){ref-type="supplementary-material"}.). Our data here shown that Mfn2-deficiency inhibits HeLa cell and smooth muscle proliferation.

![Mfn2 knockdown inhibits cell proliferation.\
(**A**) Western blotting showing Mfn2 and Mfn1 protein levels in HeLa cells infected with adenovirus containing scrambled RNA or two sets of Mfn2 shRNAs. β-actin was used as protein loading control. (**B**) Confocal imagings of HeLa cells stained with mitoTrackor showing mitochondrial morphology. Scale bar: 10 μm. (**C**) Cell counting kit-8 (CCK8) assay of HeLa cells without infection or infected with adenovirus containing scrambled RNA or Mfn2 shRNA. (**D**) CCK8 assay of T/G HA-VSMC cells infected with adenovirus containing scrambled RNA or Mfn2 shRNA at time point as indicated after infection. (**E**) 3-(4,5--dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay of HeLa cells infected with scrambled RNA, Mfn2 shRNA, or Mfn2 shRNA co-infected with Mfn2 cDNA. (**F**) Cell apoptosis assay by flow cytometry in HeLa cells infected with scrambled RNA or Mfn2 shRNA. (**G**) Fluorescence activated cell sorting analysis by flow cytometry to measure cell cycle distribution in HeLa cells infected with scrambled RNA, Mfn2 shRNA, or Mfn2 shRNA co-infected with Mfn2 cDNA, and (**H**) the histogram plot. n = 3--6 independent experiments for each group. \*, p\<0.05 versus scramble control.](pone.0121328.g001){#pone.0121328.g001}

The decreased CCK8 cell counting or MTT absorbance might be caused either by suppression of cell proliferation, or by reduction of cell viability. Although no difference in cell morphology was detected with transmitted light microscope (data not shown), we further clarified if the Mfn2 deficiency-mediated growth suppression was due to an increase of apoptotic cells by flow cytometry using annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit. No difference between scramble control and Mfn2 shRNA cells was found ([Fig. 1F](#pone.0121328.g001){ref-type="fig"}), with a LR (LR quadrant indicates the percentage of early apoptotic cells to Alexa 488-stained cells) of 0.37±0.2% in Mfn2 shRNA and 0.46±0.29% in scramble control, and a UR (UR quadrant indicates the percentage of late apoptotic cells to Alexa 488- and propidium iodide-stained cells) of 3.12±0.77% in Mfn2 shRNA cells and 2.86±0.37% in scramble control. Hochest 33342 staining assay showed similar results ([S3 Fig](#pone.0121328.s003){ref-type="supplementary-material"}.), excluding the apoptotic effect mediated by Mfn2 deficiency. Furthermore, we examined the cell cycle distribution by fluorescence activated cell sorting analysis with flow cytometry, and found that, whereas both cells infected with Mfn2 shRNA and with scramble RNA were mainly distributed in G1/G0 phase, with 81.85±3.6% for Mfn2 shRNA and 72.36±2.35% for scramble RNA, Mfn2 shRNA infected HeLa cells showed less distribution of 10.7±0.98% in S phase, as compared with 20.63±1.25% for scramble RNA controls. Co-expression of Mfn2 cDNA with Mfn2 shRNA largely increased the cells in S phase to17.77±0.79% ([Fig. 1G](#pone.0121328.g001){ref-type="fig"} & [1H](#pone.0121328.g001){ref-type="fig"}). Altogether, our data suggest that deficiency of Mfn2 inhibits HeLa cell proliferation rather than induces apoptosis.

Mfn2-deficiency suppresses cell proliferation through impairing autophagic degradation {#sec013}
--------------------------------------------------------------------------------------

We previously found that depletion of Mfn2 led to accumulation of autophagosomes through the impairment of autophagic degradation in heart \[[@pone.0121328.ref023]\]. Here we further tested if deficiency of Mfn2 in HeLa cells regulates autophagy. The cells infected with Mfn2 shRNA showed increased lipidated and autophagosome-associated form of LC3 (LC3-II), the hallmark of autophagic processing at the molecular level, from the second day after shRNA infection, as compared with scramble controls ([Fig. 2A](#pone.0121328.g002){ref-type="fig"}). The average 1.6-fold increase of LC3-II protein level over the scramble control could be significantly diminished, though not completely blocked, by co-expression of Mfn2 cDNA with shRNA, to 82.5±3.91% of that with only Mfn2 shRNA infection ([Fig. 2B](#pone.0121328.g002){ref-type="fig"}). The higher LC3-II level in the presence of Mfn2 shRNA was further increased by starvation. However, bafilomycin A1, an autophagosome-lysosome fusion inhibitor, incrased LC3-II in scramble control cells with or without starvation treatment, failed to further enhance Mfn2 deficiency-induced increase of LC3-II ([Fig. 2C](#pone.0121328.g002){ref-type="fig"}), supporting our previous finding in cardiomyocytes that Mfn2 regulates autophagic process at the step of autophagic degradation. Moreover, a GFP-mRFP-LC3 plasmid was employed to visualize the autophagic degradation process \[[@pone.0121328.ref031]\]. LC3 puncta shows both green and red fluorescence (yellow when merged) before fusing with lysosome, but only red signal after the fusion due to the loss of GFP fluorescence in acidic conditions in lysosomes. In starved scramble HeLa cells, there are more LC3-positive autophagic vacuoles as compared with un-starved cells, however, most LC3 vacuoles displayed only red signals, the percentages of yellow puncta are 14.2±3.19% in starved scramble cells and 8.33±2.49% in scramble cells without starvation ([Fig. 2D](#pone.0121328.g002){ref-type="fig"}). In sharp contrast, starvation of Mfn2 shRNA cells caused increased LC3 puncta with incremental yellow fluorescent signals to a percentage of 32.6±8.8% ([Fig. 2D](#pone.0121328.g002){ref-type="fig"}), confirming the impaired autophagic degradation in Mfn2-deficiency HeLa cells.

![Mfn2 knockdown impairs autophagic degradation.\
(**A**) Increased LC3-II level in Mfn2 knockdown HeLa cells by Western blot. n = 4 independent experiments for each group. (**B**) LC3-II:GAPDH ratios in HeLa cells infected with scrambled RNA, Mfn2 shRNA, or Mfn2 shRNA with Mfn2 cDNA. n = 3 independent experiments for each group. \*, p\<0.05 versus scramble control; ^\#^, p\<0.05 versus Mfn2 shRNA group. (**C**) Western blot showing LC3-II levels in scramble and Mfn2 shRNA cells with or without starvation treatment in the presence or absence of lysosomal inhibitor Bafilomycin A1 (BA). (**D**) Confocal images of HeLa cells transfected with GFP-mRFP-LC3 plasmid, and co-infected with adenovirus containing scrambled RNA or Mfn2 shRNA, with or without starvation for 36 hours (left), and percentages of merged green and red LC3 dots to total LC3 dots. Scale bar: 10 μm. n = 20 cells for each group from 3 independent experiments. \*, p\<0.05 & \*\*, p\<0.01 versus scramble control; ^\#^, p\<0.05 versus scramble starvation group. (**E**) mRNA level of Tom1 and Lamp2a by real-time PCR in HeLa cells transfected with Pcmv-Tom1 or Pcmv-Lamp2a plasmids. n = 3 independent experiments. (**F**) Fold changes of cell counting by CCK8 in HeLa cells infected with adenovirus containing scrambled RNA co-transfected with Pcmv vector or Pcmv-Tom1, Pcmv-Lamp2a, and Mfn2 shRNA, Mfn2 shRNA co-transfected with Pcmv-Tom1 or Pcmv-Lamp2a. n = 3 independent experiments. \*, p\<0.05 versus control; ^\#^, p\<0.05 versus Mfn2 shRNA only group.](pone.0121328.g002){#pone.0121328.g002}

The question raised here is whether Mfn2 deficiency-mediated impairment of autophagic degradation is associated with its suppression of cell proliferation. To answer it, we at first tested if impairment of autophagic degradation is sufficient to inhibit cell proliferation. HeLa cells were treated with autophagic degradation inhibitors Bafilomycin A1, 3-Methyladenine (3-MA), or NH4Cl ([S4 Fig](#pone.0121328.s004){ref-type="supplementary-material"}.), or transfected with autophagosome maturation related protein Rab7 siRNA to mimic the interruption of autophagic degradation ([S4 Fig](#pone.0121328.s004){ref-type="supplementary-material"}.). In consistent with the suppression of cell growth by Mfn2 deficiency, all three autophagic degradation inhibitors and two sets of Rab shRNAs significantly inhibited cell proliferation, as indicated by cell counting kit assay ([S4 Fig](#pone.0121328.s004){ref-type="supplementary-material"}.), indicating that Mfn2 deficiency-induced autophagic defects are causally related with its suppression of cell proliferation.

We then tested if increased autophagic degradation could restore the Mfn2 deficiency-induced suppression of cell proliferation. Two proteins, endosomal protein Tom1 and lysosome receptor Lamp2a, have been reported to mediate autophagosome-lysosome fusion, thus playing important roles in autophagosome maturation \[[@pone.0121328.ref032],[@pone.0121328.ref033],[@pone.0121328.ref034]\]. We here transiently over-expressed Tom1 or Lamp2a in control and Mfn2 shRNA infected HeLa cells by transfection of plasmids containing Tom1 cDNA or Lamp2a cDNA ([Fig. 2E](#pone.0121328.g002){ref-type="fig"}). Cells transfected with Pcmv-GFP vector was used as control cells, and the co-transfection of Pcmv-GFP plasmid with Mfn2 shRNA did not alter the knockdown efficiency ([S5 Fig](#pone.0121328.s005){ref-type="supplementary-material"}.). While knockdown of Mfn2 suppressed cell growth to 89.1±1.52%, and over-expression of Tom1 or Lamp2a accelerated cell growth to 108.9±2.3% and 111.6±2.5% of control cells infected with Pcmv vector, as assayed by CCK8 cell counting kit, co-expression of either Tom1 or Lamp2a with Mfn2 shRNA significantly restored the suppressed cell growth by Mfn2-deficiency, to 106.2±3.12% and 109.2±4.6% respectively, as compared with Pcmv control cells ([Fig. 2F](#pone.0121328.g002){ref-type="fig"}). Collectively, our data here demonstrated that Mfn2 deficiency-induced impairment of autophagic degradation contributes to the suppression of cell growth.

Mfn2-deficiency disturbs mitochondrial respiration, glycolysis, and ATP production {#sec014}
----------------------------------------------------------------------------------

Since mitochondria are organelles where mitochondrial respiration and oxidative phosphorylation occur, we then examined if Mfn2 deficiency and the consequently impaired autophagic degradation affect mitochondrial oxidative phosphorylation by measuring oxygen consumption rate (OCR). The measurement of the mitochondrial profile is performed by sequentially adding ATP synthase inhibitor oligomycin, un-coupler FCCP, and the combination of electron transport chain inhibitors rotenone with antimycin A. The optimal doses were determined by dose response curves ([S6 Fig](#pone.0121328.s006){ref-type="supplementary-material"}.). The rates of oxygen consumption which attribute to ATP production, maximal respiration, and proton leak, were monitored. We first determined the basal mitochondrial functions of scramble control and Mfn2 shRNA infected HeLa cells in medium with 25mM glucose and 2mM pyruvate. We found that oligomycin caused less reduction of the mitochondrial OCR, to 24.1±1.31% of the maximal OCR, in Mfn2 deficiency cells, as compared with the reduction of 37.9±3.12% of maximal in scramble control cells, indicating a decreased ATP synthesis-linked OCR by Mfn2 deficiency. Moreover, the non-mitochondrial OCR increased from 28.4±0.95% in scramble control cells to 42.2±2.97% in mfn2-deficiency cells, whereas proton leak associated OCR and mitochondrial reserved capacity did not change ([Fig. 3A](#pone.0121328.g003){ref-type="fig"} & [3B](#pone.0121328.g003){ref-type="fig"}). Similarly, HeLa cells transfected with Rab7 siRNAs showed less ATP synthesis-linked OCR and increased non-mitochondrial OCR, but without changing proton leak-linked OCR and mitochondrial reserve capacity ([Fig. 3C](#pone.0121328.g003){ref-type="fig"} & [3D](#pone.0121328.g003){ref-type="fig"}). The ATP synthesis-linked OCR was decreased from 33.3±1.97% in scramble control cells to 26.7±2.07% in Rab7 siRNA 1 transfected cells and 25.8±2.56% in Rab7 siRNA 2 cells respectively while non-mitochondrial OCR was increased from 40.1±2.07% in scramble control cells to 45.2±0.97% in Rab7 siRNA 1 transfected cells and 45.2±0.71% in Rab7 siRNA 2 cells respectively ([Fig. 3D](#pone.0121328.g003){ref-type="fig"}), in comparable levels to that in Mfn2-deficiency cells. Similar results were obtained in cells treated with NH4Cl to interrupt the degradation of autophagy (data not shown). Thus, here our data suggest that defects of Mfn2 disturb mitochondrial respiration due to the impaired autophagic degradation.

![Cell oxygen consumption rates by Mfn2 knockdown or inhibition of autophagic degradation.\
Traces of oxygen consumption rates (OCR) of HeLa cells infected with (**A**) adenovirus containing scrambled RNA or Mfn2 shRNA or (**C**) scrambled RNA, Rab7 siRNA1, or Rab7 siRNA2, as measured with the XF24 metabolic analyzer by sequential, in port additions of mitochondrial effectors at time points indicated by downward arrows. (**B**) (**D**) Percentages of ATP-linked OCR, proton-leak OCR, reserve capacity, and non-mitochondrial OCR to maximal OCR. n = 3 independent experiments for each group. \*, p\<0.05 versus control.](pone.0121328.g003){#pone.0121328.g003}

Simultaneously, we measured the rate of extracellular acidification (ECAR) in the aforementioned set of mitochondrial metabolic profile, as assigned to glycolysis. Surprisingly, while Mfn2 deficiency did not alter basal ECAR, it significantly suppressed ECAR in response to treatments of mitochondrial ETC manipulators ([Fig. 4A](#pone.0121328.g004){ref-type="fig"}), to an average level of 77.3±3.5% of that in scramble control cells ([Fig. 4B](#pone.0121328.g004){ref-type="fig"}), indicating the inhibition of glycolysis by Mfn2 deficiency. Likely, treatment with NH4Cl or knockdown of Rab7 by both sets of siRNAs significantly inhibited ECAR in response to mitochondrial ETC manipulators ([S7 Fig](#pone.0121328.s007){ref-type="supplementary-material"}.). To further confirm the effect of Mfn2 knockdown on cell glycolysis, we measured cell response to glucose metabolism. Consistently, Mfn2 knockdown inhibited ECAR of cells in response to glucose, to 74.5±3.2% comparing with scramble control cells. Also, ECAR in response to oligomycin was inhibited to 78.2±5.6% of the control cells, while ECAR in response to 2-deoxy-D-glucose (2-DG) was not changed, indicating that down-regulation of Mfn2 inhibited cell glycolytic metabolism ([Fig. 4](#pone.0121328.g004){ref-type="fig"}C&[4D](#pone.0121328.g004){ref-type="fig"}). Together, these data suggest that Mfn2 regulates mitochondrial respiration and cell glycolysis, at least partly through mediating autophagic degradation.

![Inhibited glycolysis by Mfn2 knockdown.\
(**A**) Traces of extracellular acidification rates (ECAR) of HeLa cells in response to mitochondrial inhibitors. (**B**) Average data of basal ECAR and that in the presence of mitochondrial inhibitors as in **A**. (**C**) ECAR of HeLa in response to glucose, oligomycin, and 2-deoxy-D-glucose (2-DG). (**D**) ECAR showing glucose metabolism and glycolytic capacity. n = 3 independent experiments for each group. \*, p\<0.05 versus scramble control.](pone.0121328.g004){#pone.0121328.g004}

Because mitochondrial oxidative phosphorylation and cell glycolysis are main sources of cellular ATP, we next measured ATP production. Knockdown of Mfn2 in HeLa cells caused decreased ATP production to 73.7±3.6% of that in scramble control cells, and co-expression of Mfn2 with shRNA restored the ATP production to 98.3±4.8% ([Fig. 5A](#pone.0121328.g005){ref-type="fig"}), suggestive of the depressed energy production by Mfn2 deficiency. Then, we further investigated the role of impaired autophagy in ATP production. Knockdown of Rab7 by Rab7 siRNA1 and siRNA2 reduced ATP production to 50±6.2% and 83.5±4.9% of scramble control cells, respectively ([Fig. 5B](#pone.0121328.g005){ref-type="fig"}). Furthermore, disturbing autophagic degradation by Bafilomycin A1, 3-Methyladenine, or NH4Cl all led to the reduction of ATP production, to 51.4±7.5%, 57.2±7.6%, and 63.5±5.1% as compared with untreated control cells ([Fig. 5C](#pone.0121328.g005){ref-type="fig"}). Altogether, these findings suggest that Mfn2 deficiency-mediated autophagic impairment inhibits cell ATP production.

![Reduced ATP production by Mfn2 knockdown or inhibition of autophagic degradation.\
Intracellular ATP production of HeLa cells (**A**) infected with scrambled RNA, Mfn2 shRNA, or Mfn2 shRNA co-infected with Mfn2 cDNA, (**B**) transfected with scrambled RNA, Rab7 siRNA1, or Rab7 siRNA2, or (**C**) treated with autophagic degradation inhibitors Bafilomycin A1, 3-Methyladenine (3-MA), or NH4Cl. n = 4 independent experiments for each group. \*, p\<0.05 versus control cells; \#, p\<0.05 versus Mfn2 shRNA group.](pone.0121328.g005){#pone.0121328.g005}

Discussion {#sec015}
==========

In the present study, we demonstrated the novel role of Mfn2 in regulating cell proliferation through mediating cell autophagy and bioenergy. Firstly, down-regulation of Mfn2 in HeLa cells or T/G HA-VSMC cells suppressed, while re-expression of Mfn2 restored, cell proliferation. Secondly, knockdown of Mfn2 in HeLa cells interrupted autophagosome-lysosome fusion. Whereas inhibiting autophagic degradation *per se* sufficiently suppressed HeLa cell proliferation, enhancing autophagosome maturation restored Mfn2 deficiency-mediated suppression of cell proliferation. Thirdly, down-regulation of Mfn2 or inhibition of autophagic degradation reduced mitochondrial respiration and cell glycolysis, and largely suppressed cellular ATP production, indicating that Mfn2 deficiency mediated impairment of autophagic degradation causes failure of bioenergenesis and consequently leads to suppression of cell proliferation.

We previously found that in cardiomyocytes Mfn2 protein level was increased during oxidative stress induced apoptosis, and overexpression of Mfn2 caused cardiomyocyte apoptosis through a mitochondria-dependent pathway\[[@pone.0121328.ref028]\]. In contrast to our findings, Parra V et al found that down-regulation of Mfn2 exacerbated ceramide-induced cardiomyocyte apoptosis\[[@pone.0121328.ref035]\]. The discrepancy of these findings implies that down-regulation or up-regulation of Mfn2 may mediate same cellular process through different pathways under different conditions\[[@pone.0121328.ref036]\]. In this context, we explored the effect of Mfn2 loss-of-function on cell proliferation. Surprisingly, while previous studies showed over-expression of Mfn2 inhibited smooth muscle cell proliferation and led to cardiomyocyte and smooth muscle cell apoptosis, here we found that down-regulation of Mfn2 similarly repressed T/G HA-VSMC cell and HeLa cell proliferation, although with different mechanisms. That Mfn2 gain-of-function and loss-of-function both caused repression of cell proliferation indicates the importance of balanced Mfn2 protein level in maintaining normal cell functions. Given that Mfn2 defect contributes to metabolic defects associated with obesity, neuropathy, as well as cardiac dysfunction\[[@pone.0121328.ref023],[@pone.0121328.ref037],[@pone.0121328.ref038]\], it is understandable that Mfn2-deficiency leads to the inhibition of cell proliferation. However, in contrast to our finding that down-regulation of Mfn2 repressed cell proliferation, a recent paper reported that Mfn2-null mouse embryonic fibroblast (MEF) and a Mfn2 knockdown clone of lymphoma cell line BJAB displayed increased cell proliferation through Ras-Raf-ERK pathway\[[@pone.0121328.ref039]\]. Indeed, we also observed increased growth rate and distinct cell shape of Mfn2-null MEF as compared with wild type MEF (data not shown), however, transient knockdown of Mfn2 by shRNA infection to HeLa cell or T/G HA-SMC suppressed cell growth as comparing with scramble control cells. The mechanisms underlying these disagreements need further investigation, however, different cell lines studied and times of Mfn2-knockdown or knockout in cells may contribute to the discrepancy.

Our previous study showed that cardiac Mfn2 in the heart is involved in the regulation of autophagy, the conserved process in all eukaryotes by self-degradating intracellular components and damaged organelles to maintain normal organelles function and nutrient restoration\[[@pone.0121328.ref023]\]. The present study found that the impaired autophagic degradation mediated by Mfn2 deficiency caused reduction of mitochondrial respiration, cell glycolysis and bioenergenesis. Importantly, enhancing the autophagosome maturation completely restored the suppressed cell proliferation by Mfn2-deficiency. Mfn2 may regulate cell metabolism from two aspects. The first one is that Mfn2 maintains mitochondrial respiration through directly affecting components of mitochondrial electron transport chain\[[@pone.0121328.ref037]\]. Deficiency of Mfn2 inhibited the expression of ETC complexes I/II/III/V\[[@pone.0121328.ref037]\] and caused neuropathy and obesity\[[@pone.0121328.ref025],[@pone.0121328.ref026],[@pone.0121328.ref040]\], this is in general agreement with our present results that Mfn2 knockdown reduced mitochondrial oxygen consumption rate. Another one is that Mfn2 mediates cellular metabolism through the regulation of autophagy. Although a large body of evidence demonstrates that autophagy serves a housekeeping function and provides internal nutrients to maintain cellular metabolism, it is still controversial about the roles of autophagy in cancer survival or death. While active autophagy suppresses tumorigenesis\[[@pone.0121328.ref041],[@pone.0121328.ref042]\], autophagy also supports tumor survival and growth through distinct pathways\[[@pone.0121328.ref043],[@pone.0121328.ref044]\]. Our present study found that blocking autophagic degradation *per se* inhibited the mitochondrial OCR and cell ECAR, and reduced cellular ATP production, in consistent with the suppressed mitochondrial and cellular metabolism mediated by deficiency of Mfn2.

In summary, our data have shown that Mfn2 deficiency inhibited cell proliferation through impaired autophagic process and subsequently disturbed cell metabolism. Our findings not only illustrate the role of Mfn2 in regulating cell proliferation, but also shed new light on understanding the mechanisms of Mfn2 deficiency related diseases.

Supporting Information {#sec016}
======================

###### Mitochondrial morphology.

Confocal imagings of scramble and Mfn2 shRNA transfected HeLa cells stained with mitoTrackor showing mitochondrial morphology at time points after transfection as indicated.

(TIF)

###### 

Click here for additional data file.

###### Mfn1 knockdown has no effect on cell proliferation.

(**A**) Confocal imagings of scramble (left) and Mfn1 siRNA (right) infected HeLa cells stained with mitoTrackor. (**B**) Cell counting kit-8 (CCK8) assay of scramble or Mfn1 siRNA infected HeLa cells at indicated time after infection.

(TIF)

###### 

Click here for additional data file.

###### Cell counting.

(**A**) Cell number counting of scramble and Mfn2 shRNA transfected HeLa cells by a cytometer at indicated time point after transfection. (**B**) Apoptotic cell counting of Hela cells stained with Hoechst 33342 by fluorescence microscope.

(TIF)

###### 

Click here for additional data file.

###### Inhibition of autophagic degradation suppresses cell proliferation.

(**A**) Relative fold changes of cell counting by CCK8 in HeLa cell treated with autophagic degradation inhibitors Bafilomycin A1, 3-Methyladenine (3-MA), or NH4Cl as comparing with cells treated with DMSO. n = 3 independent experiments for each group. (**B**) Rab7 protein levels by western blotting in HeLa cells transfected with scrambled RNA, Rab7 siRNA1, or Rab7 siRNA2. n = 3 independent experiments. (**C**) Fold changes of cell counting by CCK8 in HeLa cells transfected with Rab7 siRNA1, or Rab7 siRNA2 comparing with cells transfected with scrambled RNA. n = 3--5 independent experiments. \*, p\<0.05 versus control.

(TIF)

###### 

Click here for additional data file.

###### mRNA levels of Tom1, Lamp2a, and Mfn2.

(**A**) mRNA level of Tom 1 by RT-PCR in scramble or Mfn2 shRNA transfected cells co-expressed with Pcmv-GFP or Pcmv-Tom1 plasmids. (**B**) mRNA level of Lamp2a by RT-PCR in scramble or Mfn2 shRNA transfected cells co-expressed with Pcmv-GFP or Pcmv-Lamp2a plasmids. (**C**) mRNA level of Mfn2 by RT-PCR in scramble or Mfn2 shRNA transfected cells co-expressed with Pcmv-GFP, Pcmv-Tom1, or Pcmv-Lamp2a plasmid. n = 3 independent experiments.

(TIF)

###### 

Click here for additional data file.

###### Dose response curves of the oxygen consumption rates of HeLa cells infected with scramble or Mfn2 shRNA in response to mitochondrial inhibitors Oligomycin (A), FCCP (B), and antimycin A +Rotenone.

Data were presented as difference of OCR between cells with and without mitochondrial inhibitor stimulation. n = 3 independent experiments for each group.

(TIF)

###### 

Click here for additional data file.

###### Inhibited glycolysis by Rab7 knockdown.

(**A**) Traces of extracellular acidification rates (ECAR) of HeLa cells in response to mitochondrial inhibitors. (**B**) Average data of basal and ECAR in the presence of mitochondrial inhibitors as in **A**. n = 3 independent experiments for each group. \*, p\<0.05 versus scramble control.

(TIF)

###### 

Click here for additional data file.
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